Murine leukemia viruses (MLVs) are gammaretroviruses with strain-specific patterns of disease induction. The U3 transcriptional enhancers in the long terminal repeat (LTR) of MLVs share a common framework of binding sites for host transcription factors that contribute to the regulation of disease specificity (10, 12, 13, 15, 20, 40, 42, 44, 48, 51) . SL3-3 is a potent ecotropic MLV that induces strictly T-cell lymphomas in laboratory mice, with a mean latency of 2 to 4 months depending on the mouse strain (20, 30, 41, 51) . The SL3-3 enhancer consists of 2.5 tandem copies of a 72-bp sequence with binding sites for Runx, NF-1, c-Myb, and Ets factors as well as the glucocorticoid receptor (GR) and basic helix-loophelix (bHLH) factors. Runx and c-Myb binding sites are critical for tumor induction by SL3-3 (20, 30, 51, 60) , whereas Ets and NF-1 sites are less important (19, 21, 22, 51, 52, 59, 60) . Besides significantly weakening the virus, the mutations of all Runx sites in the SL3-3 transcriptional enhancer (the SL3-3dm mutant) were found to shift disease patterns from exclusively T-cell lymphomas to various hematopoietic malignancies, including B-cell lymphomas and myeloid and erythroid leukemias (57) .
The roles of the glucocorticoid response element (GRE) and bHLH binding E-box motifs in tumor induction by SL3-3 have not been investigated; however, the binding of GR and bHLH factors affects SL3-3 transcriptional activity (10, 11, 29, 49, 50, 52) . E-box binding proteins belong to the large diverse group of bHLH proteins that are involved in cell cycle control, cell lineage development, and tumorigenesis (1) (2) (3) (4) (16) (17) (18) . The bHLH factors are divided into several classes depending on their dimerization abilities, tissue distribution, and preference of E-box binding motif (the general consensus is NCAN NTGN) (35, 46) . Class I bHLH proteins, such as E12, E47, HEB, and E2-2 transcription factors, which are involved in lymphocyte development, are the most likely candidates for SL3-3 enhancer binding and activation.
The enhancer of SL3-3 contains three identical GRE-overlapping E-boxes (designated Egre) plus one E-box motif downstream of the tandem repeats (designated Ea/s). The overlapping GRE/Egre site sequence AGAACAGATGGTCCC (the E-box is highlighted) is highly conserved among murine gammaretroviruses (27) but is not found in cellular genes. The glucocorticoid induction of the SL3-3 enhancer is less significant in T cells than in HeLa cells, which are scarce in bHLH factors (10, 11, 29, 52) . This indicates that bHLH factors occupy Egre in T cells and, hence, that the GRE does not play a main role for SL3-3 enhancer activation in T cells. In vitro binding studies have shown that human SEF2 (SL3-3 enhancer factor 2, an E2-2 homolog) and murine ALF1 (an HEB homolog), which are expressed in various cell lines, interact with the Egre site and activate the SL3-3 enhancer (14) . The bHLH transcription factors that bind to the Ea/s site, which has a slightly different sequence (CCAGATGA), have not been identified (14, 50) . The mutation of the Egre sites or the overexpression of bHLH inhibitors, Id proteins, inhibits the ALF1 trans-activation of the SL3-3 LTR-driven expression in T-and B-cell lines, indicating that ALF1 and other bHLH factors bind and drive the activation of the SL3-3 enhancer (14, 49) . In this study, we investigate in detail the pathogenic properties and enhancer sequence stability of five SL3-3 E-box and GRE enhancer mutants as well as that of the SL3-3 wild type (wt).
MATERIALS AND METHODS
Viral stocks. Mutated proviral clones of SL3-3 3mGR, SL3-3 3mGRϩmEa/s, SL3-3 mEa/s, SL3-3 3mEgre, and SL3-3 3mEgreϩmEa/s were constructed by PCR-based mutagenesis with primers spanning the mutations indicated in Fig. 1 . Primer sequences are available upon request. Infectious virus particles, including wt SL3-3, were produced as previously described (20, 30, 43) .
Transient expression assays. The plasmids pN.SL3-3(wt)-Cat, pN.SL3-3(3mEgre)-Cat, and pN.SL3-3(3mGR)-Cat were made by basic cloning techniques (19, 20) and used for the transfection of NIH 3T3 cells by Lipofectamine (Invitrogen) according to the protocol provided by the manufacturer. A luciferase reporter construct was included in the transfections to serve as a reference. Twenty-four hours before transfection, 3 ϫ 10 4 NIH 3T3 cells were seeded into FIG. 1. Structure and pathogenicity of SL3-3 enhancer mutants. (A) The SL3-3 proviral transcriptional enhancer contains 38-and 34-bp repeat elements, represented by white and black boxes, respectively. The nucleotide sequence is given below the diagram, and known binding site sequences for cellular transcription factors are indicated. The GR, Egre, and Ea/s mutations introduced into each repeat in the given enhancer mutant virus are shown at the bottom. The location of PCR primers used for the amplification of tumor DNA is shown. 5ЈUTR, 5Ј untranslated region. (B) Cumulative tumor incidence after the infection of newborn inbred NMRI mice.
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10-cm petri dishes, and 24 h after transfection 1 M dexamethasone (dex) was added to half of the cell transfections. Cells were harvested 24 h later and assayed for chloramphenicol acetyltransferase (CAT) and luciferase activity as described by the manufacturers (CAT enzyme-linked immunosorbent assay and luciferase reporter gene assay; Roche). Transfections and expression assays were done in duplicate and repeated twice. Pathogenicity studies and tissue analysis. Two independent series of animal experiments were performed (series A and B) at separate mouse facilities. In both cases, newborn inbred NMRI mice lacking endogenous ecotropic MLVs (39) were injected intraperitoneally with ca. 10 6 infectious virus particles (0.1 ml). Control mice were injected with 0.1 ml complete medium. All mice were monitored as previously described in details (54) . Lymphomatous tissues from lymph nodes, spleen, and liver were dissected, and samples were stored frozen and/or fixed in 4% paraformaldehyde and analyzed by histology and immunohistochemistry as described previously (57) .
Three-color flow cytometry. Cell suspensions of spleen, thymus, and lymph node tissue samples from SL3-3 3mEgre-, SL3-3 3mGR-, and wt SL3-3-induced tumors of series B were prepared and stained as described previously (57) . Ten fluorochrome-conjugated rat anti-mouse monoclonal antibodies were used, all obtained from BD Pharmingen: CD11b-fluorescein isothiocyanate (CD11b-FITC), CD3-phycoeryrthrin (CD3-PE), B220-peridinin chlorophyll protein (B220-PerCP), CD8a-PerCP-Cy5.5, CD4-FITC, CD24/heat-stable antigen-FITC (CD24/HSA-FITC), TCR␤-PE-Cy5, Ter119-FITC, Gr-1-PE, and Gr-1-PerCPCy5.5. Isotype controls were rat immunoglobulin G2a (IgG2a) and rat IgG2b light-chain monoclonal immunoglobulins conjugated with FITC, PerCP, or PerCP-Cy5.5. Antibodies were used in four combinations: CD3/B220/CD11b, CD3/CD4/CD8a, CD3/T-cell receptor ␤/HAS (CD3/TCR␤/HSA), and CD11b/ Gr-1/Ter119. CD3 is a pan-T marker (26) , B220 is a pan-B marker (31) , and CD11b (mac-1) was used as a myeloid marker (38) . CD3/CD4/CD8a distinguishes between T-cell differentiation stages, as further characterized by CD3/ TCR␤/HSA staining. TCR␤ is expressed in very early immature thymocytes and upregulated during maturation. HSA (CD24) is present on monocytes, erythroid cells, granulocytes, and lymphocytes and is downregulated during T-cell development. CD11b/Gr-1/Ter119 was used to identify myeloid cells and exclude erythroid cell involvement. Gr-1, which is present on granulocytes, is a marker of myeloid differentiation (23, 34) . Ter119 is an erythroid marker (36) . Antibodystained cells were analyzed on a FACSCalibur flow cytometer (BD Bioscience, San Jose, CA) as described earlier (57) . Flow cytometry data were represented by two-dimensional dot plots showing all 50,000 events. Quadrants of all blots were defined on the basis of appropriate isotype controls measured together with each stain to determine background fluorescence levels.
Southern hybridizations. Genomic DNA was purified from frozen tumor tissue samples using a DNeasy tissue kit (Qiagen). Southern blot analysis was done as described earlier (57) with hybridization probes specific for the TCR␤ joining regions 1 and 2 (J1 and J2) and the Ig light-chain gene (43, 57) .
PCR amplification of proviral DNA and sequencing of viral enhancer structures. PCR on genomic tumor DNA used primers 440 and 1112 as described previously (57) . Fragments were sequenced with primer 440 and P2(Akv)-rev with a Dyenamic ET terminator cycle sequencing kit (Amersham Pharmacia Biosciences).
RESULTS

Overview of mutants and analyses.
The mutations introduced in the tandem repeat enhancer of SL3-3 are shown in Fig. 1 . To impair GRE but not E-box function, all three copies of the GRE core AGAACAGA sequences were changed to ACGACAGA in the 3mGR mutant (the changes are underlined), sites previously shown to abolish GR binding (11) . To analyze the effect of the mutations on glucocorticoid inducibility, SL3-3 wt, 3mGR, and 3mEgre LTRs were linked to a CAT reporter gene. Transient expression assays (data not shown) confirmed that both enhancer mutants had wt activities without dex. A fourfold dex induction was observed for the SL3-3 wt but not for the SL3-3 3mGR mutant, thus confirming that a Tumor phenotypes were determined by histopathological examination. ML w.M, myeloid leukemia with maturation; ML wo.M, myeloid leukemia without maturation; ML, myeloid leukemia, not otherwise specified; MKL, megakaryoblastic leukemia; PCT, plasmacytomas; pre-TLL, preT-cell lymphoblastic lymphoma; STL, small T-cell lymphoma; and ND, not determined. Some animals developed tumors of mixed phenotypes (data not shown).
b Detected by the Southern blot analysis of HindIII-digested genomic tumor DNA with TCR␤ (J1 and J2) and Ig light chain-specific probes. c Complex secondary enhancer changes found in virus-induced tumors by PCR analysis. d Diagnosed for another series of mice injected with wt SL3-3 at the same facility. e All Ig rearrangements were represented by very weak bands. f T-cell rearrangements observed in four of the nine cases were weak.
the GRE mutations outside the E-box in SL3-3 3mGR abolished the dex inducibility of the enhancer. As expected, the Egre mutation also abolished dex inducibility. E-boxes were mutated by altering three out of four nucleotides of the core motif NCANNTGN to NACNNCGN, abolishing the binding of bHLH proteins and GR to the site (49, 50) . Notably, GR and bHLH factors seem unable to bind Egre simultaneously (14, 50) . Finally, an E-box motif downstream of the enhancer repeats (designated Ea/s) was mutated alone or together with 3mGR and 3mEgre. The mutant viruses were analyzed in two separate mouse studies (series A and series B). In short, series A (Fig. 1, Table 1 ) comprised all five mutants plus SL3-3 wt virus and was used to establish the latency and overall tumor phenotypes ( Fig. 1 and 2 and Table 1 ). Animal series B, done at another mouse facility and used for tumor cell typing by flow cytometry (Fig. 3 and 4 and Table 2 ), comprised wt SL3-3 and the 3mGR and 3mEgre mutants.
SL3-3 wt and GRE and Ea/s mutants induce T-cell lymphomas with similar phenotypes. As shown in Fig. 1 and Tables 1  and 2 , all virus-infected animals developed tumors, but with different latency periods. Among the five mutants, 3mGR, mEa/s, and 3mGRϩEa/s all showed a mean tumor latency periods of approximately 60 days, as did wt SL3-3. Southern blot analysis (Fig. 2) revealed TCR␤, but not Ig light-chain, (Tables 1 and 2) , as was observed for wt tumors. The histopathological studies of SL3-3 wt-and 3mGR-induced tumors revealed a 99% incidence of pre-T-cell lymphoblastic lymphomas (pre-T LBLs) (Fig. 3 , Table 1 ). Flow cytometry analysis showed that the main T-cell tumor phenotype induced by SL3-3 wt was CD3 ϩ CD4 ϩ CD8 Ϫ TCR␤ ϩ HSA ϩ (Fig. 3) , confirming our previous results (57) . Interestingly, the mutation of GRE did not diverge SL3-3 away from the strict phenotypic CD4 ϩ expression pattern (Fig. 3) . Neither gross pathology nor Southern blot analysis indicated that the T-cell lymphomas induced by SL3-3 3mGRϩmEa/s and mEa/s differed from SL3-3 wt-and 3mGR-induced tumor phenotypes. These tumors were not analyzed by flow cytometry. We conclude that 3mGR, Ea/s, and 3mGRϩEa/s mutants had pathogenic properties similar to those of the wt, indicating that the GRE and Ea/s site do not play a significant role in T-lymphoma induction by SL3-3.
The Egre mutations increase latency and broaden disease specificity. The SL3-3 3mEgre mutant induced tumors with an extended latency period of 109 days (Fig. 2) . Furthermore, histopathology and Southern blot analysis revealed a shift in the cell type specificity of this mutant virus to the induction of multiple hematopoietic malignancies, including myeloid leukemia and B-cell and T-cell lymphomas (Fig. 2, Table 2 ). Fourteen of 23 SL3-3 3mEgre-injected mice of series A presented with pre-T LBLs, i.e., the same phenotype as that observed for SL3-3 wt-induced tumors, but the pre-T LBLs appeared after a significantly longer latency period. In support of this, Southern blot analysis revealed clear clonal TCR␤ rearrangements in all 14 cases and no clonal Ig rearrangements (Fig. 2C and Tables 1 and 2 ). Four mice were diagnosed with myeloid leukemia with or without maturation, none of which showed rearrangements of TCR␤ or Ig (Fig. 2E) . The remaining tumors showed more complex or mixed phenotypes (Table 1) . Southern hybridization results from these tumor samples (Fig.  2D ) supported histopathology data, although most of the rearranged TCR␤ and Ig bands were weak, suggesting tumor oligoclonality or the presence of many nontumor cells in the tissues.
Consistently with results from series A, the flow cytometry analysis of 33 solid tumors from 12 SL3-3 3mEgre-injected mice of series B revealed T-cell lymphomas, myeloid leukemia, and mixed T-cell/B-cell lymphomas ( Table 2 ). The phenotype of the T lymphomas induced by SL3-3 3mEgre (6/12 mice) did not differ from the CD3 ϩ CD4 ϩ HSA ϩ phenotype seen for wt SL3-3. This is in contrast to Runx site-mutated SL3-3dm, which induces T-cell lymphomas with immunophenotypes different from those of wt SL3-3 (57). Staining with CD11b/ Gr-1/Ter119 revealed two cases of CD11b ϩ tumor cells, indicating a myeloid origin (Fig. 4A and B) .
The last four mice in this series, which stayed healthy significantly longer (85 days) than the rest of this group, were diagnosed with mixed T-cell/B-cell lymphomas based on CD3 ϩ and B220 ϩ tumor cell populations (Fig. 5C ). Southern blot analysis showed a complex pattern of bands above an intense TCR␤ germ line band and very faint Ig rearrangement bands, suggesting tumor oligoclonality and/or the presence of many nontumor cells (Fig. 2D) .
Ea/s, the E-box downstream of the tandem repeat, works as a backup site for Egre. Interestingly, the SL3-3 mEgreϩmEa/s virus exhibited a further extended latency period of 180 days (Fig. 1, Table 1 ), indicating that Ea/s works as a backup site for Egre, since the mutation of Ea/s alone had no effect on viral pathogenicity. Similarly to 3mEgre, the 3mEgreϩmEa/s series showed a higher proportion of non-T-cell tumors, including myeloid leukemia and B-cell and T-cell lymphomas, as confirmed by histopathology. Southern blot analysis revealed complex patterns characterized by weak bands of rearranged TCR␤ and/or Ig (Fig. 2E ), which were of limited diagnostic value compared to the value of histopathology (Table 1) .
In the SL3-3 3mEgreϩmEa/s series, only 5/21 mice were diagnosed with the pre-T LBL phenotype that is common to wt SL3-3 and the other mutants analyzed. Three SL3-3 3mEgreϩ mEa/s-injected mice were diagnosed with myeloid leukemia (Table 1) , and the remaining 13 animals had various complex or mixed phenotypes, in all cases including a B-cell component as observed by histopathology (Table 1) . Among the latter, nine mice had a mixed plasmacytoma/small T-cell lymphoma (Table 1 ). In conclusion, the mutation of mEa/s in addition to the Egre sites further extended the latency period as well as broadened the cell type specificity of tumor induction, thereby revealing a backup function of Ea/s for Egre.
Tumor phenotype-associated complex enhancer changes are found in SL3-3 3mEgre-and SL3-3 3mEgre؉mEa/s-induced tumors. The LTR region is known to be dynamic during tumorigenesis, and secondary mutations are found frequently in mice injected with attenuated viruses (19-21, 45, 57) . We therefore analyzed the U3 enhancer region in genomic DNA from SL3-3 wt-and mutant-injected mice by PCR amplification and sequencing (Fig. 1) . In SL3-3 wt-, 3mGR-, and mEa/ s-induced tumors, all introduced mutations were intact, no reversions were found, and only fluctuations in the number of enhancer repeats were observed in almost all cases.
In contrast, several sequences retrieved from SL3-3 3mEgre-and 3mEgreϩmEa/s-induced tumors showed numerous complex alterations, including various deletions, point mutations, and insertions in addition to fluctuations in the number of enhancer repeats. Secondary enhancer changes were discovered in 13/23 SL3-3 3mEgre-injected mice and 12/21 SL3-3 3mEgreϩmEa/s-injected mice (Tables 1 and 2 and Fig. 5 ). 
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These enhancer variants are unlikely to be PCR artifacts, since the same structures were found in several independent PCRs. In the great majority of cases, deletions involved part of or the entire NF1 and/or mutant Egre site, as well as the neighboring Runx site II. The c-Myb-Ets-Runx site I sequence was maintained in almost all cases investigated. Furthermore, in some cases the deletions involved sequences downstream of the enhancer repeat affecting the Ea/s site. The deletions observed in this study were highly similar to those seen in SL3-3dm-injected mice, in which the E-box was left intact in almost all cases, strongly indicating its importance (Fig. 5) (57) . Insertions and point mutations were discovered in a few cases, but the origin and possible functional role of these insertions were not clarified. No reversions or gain of E-box motifs were discovered within the U3 region, although several imperfect E-box motifs are present in the U3 region outside the enhancer repeats. Complex secondary enhancer changes were tumor phenotype specific; thus, the mutated SL3-3 3mEgre enhancer seemed to be suboptimal for the induction of T-cell lymphomas and myeloid leukemia without maturation but were sufficient for the induction of myeloid leukemia with maturation and possibly B-cell lymphomas.
DISCUSSION
In this study, we have shown that an E-box (Egre) overlapping a GRE is important for T-lymphoma induction by the gammaretrovirus SL3-3, whereas the GRE itself does not play a significant role. Furthermore, an E-box site (Ea/s) outside the enhancer repeats was shown to work as a backup site for Egre.
In agreement with our earlier work (57), we observed that wt SL3-3 induced strictly T-cell lymphomas in inbred NMRI mice that were characterized by clonal TCR␤ rearrangements and a predominant CD3 ϩ CD4 ϩ CD8 Ϫ HSA ϩ immunophenotype, similarly to semimature T-helper cells. Such a consistent CD4/ CD8 expression pattern on tumor cells from SL3-3-injected mice has not been observed in other strains, including AKR (32, 33) and BALB/c (25) . Mutating the GRE in the SL3-3 enhancer did not change the homogenous CD4/CD8 expression pattern in SL3-3-induced tumors in inbred NMRI mice, in agreement with reports of low-level glucocorticoid responses in T cells (11, 29) . Thus, our results strongly indicate that the GRE site is dispensable for T-lymphoma induction by SL3-3 and that the E-box is most probably the primary site of activation. A study of the highly related T-lymphomagenic Moloney MLV reported mutations of the GRE to increase the latency of disease induction without changing the cell type specificity (58) . However, this early study did not separate the function of GRE and E-box sites or investigate tumors for secondary enhancer changes or the reversion of the two mutated nucleotides.
The GRE overlapping the E-box site is conserved in many gammaretroviruses, and it is well established that steroid hor- f The mean latencies were slightly longer than those in series A, possibly reflecting the use of different animal facilities. In all cases the uncommon phenotypes were found together with the CD4 ϩ phenotype, except for one SL3-3-injected mouse, which had only uncommon phenotypes.
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mones regulate the replication of a number of retroviruses, including the betaretrovirus mouse mammary tumor virus (53) . The T-cell-tropic variant of mouse mammary tumor virus has nonoverlapping GRE and E-box sites in its transcriptional enhancer. Both sites appear to be conserved in proviruses isolated from T lymphomas, suggesting that both are needed for viral T lymphomagenesis (5, 47, 53) . Previously, a correlation was made between the presence of a GRE in FIS2 and a significant sex difference in the susceptibility to this virus (6) (7) (8) .
It is conceivable that the conserved GRE motif of SL3-3 also plays a role for infection by means other than the intraperitoneal injection of newborns in which different cell types would be infected.
The mutation of enhancer E-box sites allowed the otherwise strictly T-lymphomagenic SL3-3 to induce a multitude of hematopoietic malignancies, including T-cell lymphomas, myeloid leukemia, plasmacytoma, and mixed T-cell/B-cell lymphomas, clearly demonstrating an important role for the E-box motifs in SL3-3 tumorigenesis. The marked phenotypic heterogeneity suggests that SL3-3 3mEgre and SL3-3 3mEgreϩmEa/s infect and transform several different cell types or target an early hematopoietic progenitor. This broad disease specificity is reminiscent of that of natural MLV isolates such as SRS19-6 and CasBr-M/Cas-Br-E (9, 24) .
Mutating the Ea/s sequence located outside the enhancer framework alone (49, 50) or together with the GRE did not (55) has an E-box site outside the enhancer repeat with the same core sequence (CAGATG), indicating that other MLVs have exploited this mode of transcription activation. In contrast to SL3-3dm, a virus with mutations in all Runx sites, which induces T-cell lymphomas of various phenotypes (57) , the E-box mutants induced T-cell lymphomas with the same tumor phenotype as that of wt tumors, indicating that the disruption of T-cell lymphomagenesis by E-box mutations was incomplete. Hence, the Runx sites of SL3-3, but not the Eboxes, appear to promote the characteristic CD4 single-positive phenotype of SL3-3-induced tumors in inbred NMRI mice.
In contrast to T-lymphomagenic SL3-3, for which the E-box site and not the GRE site has a primary role in tumorigenic enhancer activity, all E-box/GRE sites appear to play a role for B-lymphomagenic Akv MLV (56), since mutations shift tumor cell specificity to a more differentiated B-cell phenotype. Notably, no secondary enhancer mutations were found in any Akv enhancer mutant-induced tumor, which also is in contrast to the results of the SL3-3 study. It is unclear why the Akv model differs from the SL3-3 model; however, several features of the former point to the importance of an immunostimulatory component in which the overall viral load as well as insertional mutagenesis plays a role (56) .
Several tumors from SL3-3 3mEgre and 3mEgreϩmEa/s harbored complex secondary enhancer alterations, including various deletions, insertions, and point mutations, which were mainly T-cell tumor phenotype associated. As shown in Fig. 5 , the deletions in the SL3-3 E-box and previously studied Runx site mutants (19, 57) share several similarities, but they also share striking differences. In both cases, the deletions of the NF-1 site and the impairment of GRE were observed, and the mutated site often was deleted. NF-1 sites harbor a downregulating function on SL3-3 reporter constructs in T cells (19) , and this type of alteration has been shown to partially restore viral enhancer activity and to rescue, to some degree, the pathogenicity of SL3-3 Runx site mutants such as SL3-3dm (19, 20) . In SL3-3dm the c-Myb-Ets-E-box sequence was preserved, whereas the c-Myb-Ets-Runx site I sequence was amplified in the E-box mutant. Thus, when Runx site I is mutated the maintenance of the E-box is important, and when the E-box is abolished Runx site I is amplified, strongly supporting the importance of the two sites in T-cell tumor induction by SL3-3. We note that the outer borders of the enhancer deletions observed in tumors with a T-cell lymphoma phenotype coincide precisely with the borders of the respective binding sites, i.e., Runx site I and E-box. The complex enhancer changes were identified primarily in tumors characterized as T-cell lymphomas and in a few cases of myeloid leukemia without maturation, indicating that the E-box mutants are suboptimal for the induction of these phenotypes. Importantly, no reversion or gain of an E-box motif was observed anywhere in sequenced regions, suggesting that T-lymphomas are induced by a virus without the binding of bHLH proteins to the DNA of its transcription control region.
In summary, we have shown that the mutation of the E-box overlapping GRE binding sites in the enhancer of SL3-3 shifts the disease pattern from strictly T lymphomagenicity to a broader variety of hematopoietic malignancies. The GRE itself and an E-box outside the enhancer repeat (Ea/s) appear to be dispensable for the tumor induction process; however, the Ea/s site works as a backup for the Egre sites. While mature myeloid leukemia and plasmacytomas induced by SL3-3 3mEgre and 3mEgreϩmEa/s were found to harbor unaltered enhancers, secondary enhancer alterations appeared necessary for the induction of T-cell lymphomas and immature myeloid leukemias by these viruses. Such complex enhancer changes were not observed in the wt or other mutants in this study, suggesting that the E-box mutations induce in vivo the molecular evolution of viral enhancer structures (9, 19, 28) , resulting in the redirection of the cell specificity. In conclusion, the E-box sites and their cognate binding factors, the bHLH proteins, play important roles in the potency and specificity of disease induction by SL3-3.
